Abstract After many years of war, great efforts have been made for the socio-economic development of Angola, particularly in the construction industry. Among the construction techniques, adobe is one of the most used in the province of Huambo, especially by low-income families, which constitute the majority. This technique was established as an intangible heritage in the culture of that population. Huambo province is located in the central region of Angola (Central Plateau). Adobe blocks are building elements with potential degradation by the action of water. Due to the subtropical climate, hot and humid, and geomorphology of the province, located at about 1000-2000 m of altitude and with an extensive river system, these buildings can be vulnerable and may present premature degradation, exacerbated by the lack of knowledge concerning the properties of the geomaterials used and techniques/solutions that allow their stabilization and conservation. This paper aims to present the main results of the study to investigate the influence on adobe performance in regard to the mineralogy and geochemistry of soils used in the production of adobes used in the construction of dwellings. The knowledge gained with this research can support the development of solutions for the common anomalies and problems in this construction, as well as to improve the strength and durability of the adobe units. For this purpose, soil samples were collected and mineralogical, geochemical, and physical tests were performed. Durability and erodibility tests were also performed on selected adobes, following the Geelong method. The results obtained with this research may contribute to the development of the knowledge concerning this sustainable building solution, which has a strong presence in the province of Huambo and neighbouring regions.
Introduction
Adobe is the most common construction material in the province of Huambo, especially by low-income families, which constitute the majority of the population. This technique is closely associated with the local population and culture. Located on the western coast of Africa, Angola is a country with a total area of 1,246,700 km 2 and with about 24 million inhabitants. The Huambo province is located in the central region of Angola (Central Plateau) and is bounded on the northeast and east by the province of Bié, on the south by the province of Huila, on the west by the province of Benguela, and on the northwest by the province of Kwanza-Sul. It has an area of 36,000 km 2 and approximately 2 million inhabitants, which corresponds to 56 inhabitants per km 2 . The location and local geological conditions are illustrated in Fig. 1 .
Many buildings in this province, particularly in rural areas, were severely affected during the war in the 1970s and 1980s. Considering the current situation of the country's development and the possibility of integrating traditional building systems and materials with modern procedures, one of the alternative options is to resume with old solutions and traditional materials, such as adobe construction (Figs. 2, 3) . These contribute to the preservation of the environment and are harmonious with the natural habitat.
Considering the previous general background, the ongoing research project intends to contribute to the improvement and optimization of these traditional solutions, responding to current demands associated with the actual social and economic concerns, as well as environmentally sustainable housing requirements Pedro et al. , 2015 . This paper presents the results of the study on the influence of the mineral composition of the soil used in the production of adobes on the dwellings' quality. Possible solutions are investigated for the common problems found in these types of construction that will contribute to the improvement of the strength and durability of the adobes.
The durability of adobe buildings is dependent on appropriate maintenance and repair actions using materials that are compatible with the original construction; therefore, it is important to study the characteristics of adobe blocks from different types of buildings (Torgal and Jalali 2012) .
It is well established that the mineralogical composition can affect the physical behaviour of geological materials (Duarte et al. 2004 Queta et al. 2014) . For the adobes studied by Costa et al. (2013) , it was observed that the mineralogical composition yields the understanding of the materials' physical properties, which contribute to understanding their behaviour. Moreover, to conduct restoration works, it is important to know the mineralogical composition of existing adobes and mortar, in order to adopt compatible materials. For each sample collected, the geotechnical properties and the mineralogical composition are studied. The contribution of the mineralogical properties to the physical behaviour is then discussed.
Methodology
Nine localities in the Province of Huambo, were selected for sampling for this study related to adobe performance and the soils used in their production, namely: Calenga, Chinjenje, NDondo, Lomanda, Catolo, Mungo, Chianga, Chinguar, and Napika.
Twenty-five representative soil samples were collected with shovels and hoes, and were conditioned in appropriate bags and boxes. The methodology adopted for this research is based on laboratory testing, namely the determination of the mineralogical and geochemical properties of the materials used in the production of adobes by traditional methods.
Simultaneously, some physical properties of the geomaterials were determined (particle size analysis of soils and adobes, index tests, expansibility, specific gravity of grains, organic matter content), and erodibility or durability tests (Geelong test-NZS 4298: 1998) were done on the selected adobe samples.
Particle size analysis of the soils was performed by wet sieving of the sand and gravel fractions (particle size dimensions [0.075 mm), using the E196-66 series for analysis (BS EN ISO 17892-1:2014; BS EN ISO 17892-2:2014), with the largest sieve having a 19 mm opening. The silt and clay fractions (particle size dimensions \0.075 mm) were quantified by an X-ray particle analyzer (Micromeritics-Sedigraph 5100).
The index tests or consistency limits (liquid limit-W L ; plasticity index-I P ) were determined according to BS EN ISO (17892-1:2014); BS EN ISO (17892-2:2014), and to ASTM D4318-10e1 (2010). The procedure followed in the expansibility test is specified in E200-67.
The mineralogy was obtained by X-ray diffraction (XRD) for soils and adobe samples. It used \2 mm random powder mounts and \2 lm oriented mount. The clay fractions (\2 lm) were separated by sedimentation according to Stokes law, and a suspension was dropped onto a glass plate and dried in the atmosphere. The X-ray diffraction experiments were conducted in a Bruker D8 Discover instrument equipped with a linear detector Lynxeye and run within the da Vinci framework. The measurements were performed over a 2h range between 38 and 758 with steps of 0.058 and a measuring time of 1 s per step.
The acquisition of the scan and the identification of the crystalline phases were done using the software DIF-FRAC.SUITE from Bruker Company and the PDF-2 database from the International Centre for Diffraction Data (ICDD). The semi-quantitative abundance of the minerals, for comparative purposes, was evaluated with the Reference Intensity Ratio (RIR) (Chung 1974; Hillier 2000) .
The durability evaluation of earth buildings can be assessed, among other methods, by mechanical wear with water. The erosion test by the method of Geelong (Geelong Test) was designed particularly for the assessment of adobe specimens (Pedro et al. , 2015 Walker 2000) . This test consists of dropping a specified quantity of water (100 ml) from a height of 40 cm, using a soaked felt wick onto a specimen placed at an angle of 30°to the horizontal. Ideally, the dripping time should be between 20 and 60 min. The degree of erosion assessed is given by the depth of wear caused by the impact of the water on the adobe block. An erosion depth greater than 15 mm indicates that the specimen should be rejected for construction purposes. This is also supported by studies carried out by Silva et al. (2013) , Torgal et al. (2009 ), Torgal and Jalali (2012 ), and Walker (2000 . Soil mineralogical composition effects on the durability of adobe blocks from Huambo region… 127
Results and discussion
Physical properties
The physical characteristics of the soils used in the production of adobes are listed in Table 1 . With regard to the consistency, almost all soil samples analysed have some plastic behaviour. The moisture contents of the samples in their natural states are very different (2.3-21.4 %), depending on their collection location, sun exposure, and sampling depth. The majority of the samples analysed are sandy soils, with a percentage of sand between 80 and 30 % (Fig. 4) . Only five samples had a significant percentage of gravel (up to 30 %). Nearly all samples had a considerable clay fraction ( [15 up to 55 %), and small silt fractions (5-20 %). Thus, the majority of the geomaterials studied are classified as clay-silty sand (SC, SC-SM), and clay with low plasticity (CL) according to the Unified Soil Classification System (USCS). It is important to note that there is a variety of adobes in Huambo province, suggesting that adobes with different particle size distributions to those obtained in this study may be present. In spite of the significant values of clay fraction and, consequently, the plasticity values of the majority of samples, it is important to note that the expansibility values are relatively low (Table 1 ). The analysis of the mineralogical composition of the samples is, thus, fundamental to understanding their plasticity, expansibility, and durability.
Mineralogical characteristics
The semi-quantitative mineralogical composition of the soils and corresponding adobes are presented in Table 2 . Soil mineralogical composition effects on the durability of adobe blocks from Huambo region… 129
In all the soil samples studied, quartz is the most common mineral. The dominant clay mineral is kaolinite, comprising up to a quarter of the samples' composition in some cases. Illite is the more abundant clay mineral in the soil from Calenga, but only in \2 mm samples, probably due to small contributions of detritic muscovite. Gibbsite is a common soil mineral, and it is always present except for Chinjenge soils. This demonstrates the intensity of the weathering of the parent rocks. Smectite was detected in only three \2 lm sample fractions. These very small contents should not influence the geotechnical properties of the materials much.
Iron oxides or oxy-hydroxides in the soils are present in the crystalline form, as hematite and/or goethite. Andalusite and sillimanite are probably residues from the parent rock as are the potassium feldspars. The depth of the sampling of the in situ materials seems to not change the mineralogical composition, as can be observed in the analysed Chianga soils.
As can be observed from the samples collected at Catolo and Chianga, the composition of recent adobes matches the composition of local soils. This demonstrates that the raw materials are local and do not have any additional mineral contribution, such as lime. Extraction at different times can change the mineralogical composition of the soils used. This was observed in the samples from Chianga, where the old adobes showed higher illite contents.
The local populations use material from termite mounds (Salalé in the local designation) to build the adobe houses. Comparing a current soil with a ''Salalé'' soil material in the Chinjenje region, it is clear that the termite mound material is enriched in kaolinite (and illite) and depleted in quartz.
Durability tests
The results obtained from the Geelong test are shown in Table 3 . The depth of water penetration in the selected adobes is always lower than 6 mm. It can also be seen that the penetration depth of water is usually ten times the depth of the respective groove. The dimensions of the tested adobes are 40 9 20 9 20 cm, the same as those used in the construction of earth houses in the Province of Huambo (Pedro et al. 2015) . According to the New Zealand Standard (Table 4) , the erodibility index is 2 for all specimens, being the best in this classification.
Higher values of water penetration are associated with a more porous structure, because of their textural and mineralogical composition. According to Torgal et al. (2009) , the degree of erosion is given by the depth of the wear caused by water in the adobe. For wear, depths larger than 15 mm, it is considered that the sample should be rejected for construction purposes Silva et al. 2013; Walker 2000; NZS 4298 1998) .
Conclusions
The textural composition and consistency indicated that the soil and the respective adobe samples are similar, which is in agreement with the similarity also observed between the mineralogical composition of the soil and the respective adobe samples. This confirms that the soil sampled in situ constitutes the main material used in the production of the local adobes, with no additives, besides water and grass.
The dominant materials are silty sand or clayey sand with low plasticity and low expansibility. The Geelong test results indicates that the adobes tested have acceptable characteristics (less than 15 mm groove depth) for earth construction, according to the New Zealand Standard NZS 4298 (1998) . It is important to note that all adobe samples studied in the tests were produced in the region, according to the traditional methods described in Pedro et al. (2015) , where it is common practice to add grass to the soil and water mix, thus contributing to the improvement of consistency, strength, and durability of the adobes. Based on the semi-quantitative analysis of the mineralogy, the relative abundance of quartz compared with the other minerals is notable. This is due, probably, to the intense weathering characteristics of this subtropical hot and wet climate, since quartz is the most resistant primary mineral to intense weathering. These high quantities of quartz in the samples may also be responsible for the good durability of adobes proven through the Geelong test results. The percentage of kaolinite and gibbsite also demonstrate the intense weathering observed in the soils studied, where the primary aluminium phases (i.e., feldspars) are replaced by secondary phases without alkali or alkaline earth metals.
The percentages of kaolinite (mainly in \2 mm fraction) directly influence the plasticity and expansibility of the soils with higher values of plasticity index corresponding to the higher Kaolinite contents. Nevertheless, the soils analysed showed a reasonable plasticity, related to the significant percentage of material smaller than 2 l and despite the smectite content being mostly negligible. The observed expansibility values are relatively low as both gibbsite and kaolinite are minerals with a low capacity for water retention.
The use of ant mounds (Salalé) (Chjj-5CA) has a considerable effect on the workability of the studied soils. It is noteworthy that the activity of the ants changes the plasticity of a soil, which was classified as non-plastic (Chijj-1S) to a plasticity index of 14 % (Chjj-5CA). In this region, soils worked by these ants are often used, taking advantage of the ant hills, which can reach over 2 m in height, as raw material.
It can be highlighted that the successful behaviour of the adobes studied with respect to their durability is due, mainly, to the presence of significant quantities of quartz in the soils, as well as their moderate plasticity and low expansibility. These latter aspects are due to the fact that the predominant minerals in the fraction finer than 2 microns are gibbsite and kaolinite; their structure has poor water retention.
